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(57) ABSTRACT

The present invention is directed to a condensed phase batch
process for synthesis of trisilylamine (TSA). An improved
synthesis process that incorporates a solvent to help promote
a condensed-phase reaction between ammonia gas (or lig-
uid) and liquified monochlorosilane (MCS) in good yields is
described. This process facilitates the removal of the
byproduct waste with little to no reactor down time, sub-
stantial reduction of down-stream solids contamination and
high-purity product from first-pass distillation.

23 Claims, 8 Drawing Sheets



US 9,446,958 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS
Han, Won-Sik et al., “Silane-based hydrogen storage materials for
fuel cell application: Hydrogen release via methanolysis and regen-
eration by hydride reduction from organosilanes”, Int’l J. Hydrogen
Energy 36, 2011, pp. 12305-12312.
Handmann et al., “New bicyclic sila-heterocycles: syntheses and
crystal structure analyses of rac-7-ethoxy-2,2-diorganyl-2,3,5,7a-
tetrahydro-1H-3a, 6-diaza-2-sila-inden-4-ones”, J. Org. Chem 613,
2000 pp. 19-25.
Hong et al, “Phosphine-Catalyzed Si-C Coupling of Bis-
silylmethanes: Preparation of Cyclic (CI2SiCH2)2 and Linear
CI2Si(CH2SiCl3)2 via Silylene and Silene Intermediates”, Org.
2010, 29, pp. 687-691.
Jung,Il Nam et al., “Direct Synthesis of Trisilaalkanes”, Bull.
Korean Chem. Soc., vol. 12; No. 4, 1991, pp. 445-449.
Jung, Dong Fuy et al, Si-C coupling reaction of
polychloromethanes with HSiCl3, in the presence of Bu4PCl:
Convenient synthetic method for bis(chlorosilyl)methanes, J. Org.
Chem. 692, 2007, pp. 3901-3906.
Kang et al., “Phosphonium Chloride-Catalyzed Dehydrochlorina-
tive  Coupling  Reaction of  Alkyl Halides  with
Hydridochlorosilanes”, Organometallics 2003, 22, pp. 529-534.
Laine et al., “Preceramic Polymer Routes to Silicon Carbide”,
Chem. Mater. 1993, 5, pp. 260-279.
Lee et al., “Highly Efficient Hydrosilylation of Diyne and Triyne
p-Electron Bridges: Its Application to Fluorescent Dyes and
Silylene-Spaced Vinylarene Compounds”, Organometallics 2004,
23, pp. 4184-4191.
Li, Chun-Fang et al., Photoluminescence of PMMA doped with
fluorescein and carbosilane dendrimer and lasing in PBG resonance
cavity, J. Luminescence 127, 2007, pp. 321-326.
Mirskov et al., “High-Purity Alkoxychlorosilanes as New Precur-
sors for Precipitation of Silica”, Doklady Chemistry, vol. 421, 2008,
pp. 194-196.
Ohshita et al, “Synthesis of Polymers with Alternating
Organosilanylene and Oligothienylene Units and their Optical,
Conducting, and Hole-Transporting Properties”, Organometallics,
2000, 19, pp. 4492-4498.
Seyferth, Dietmar “Polycarbosilanes: An overview”, Inorganic and
Organometallic Polymers, Chapter 3, American Chemical Society,
1988, pp. 21-42.
Shimizu et  al.,  “1,1,3,3-Tetrakis(alkylthio)-1,3-dilithio-2-
silapropanes:  useful reagents for the synthesis of
polysilacycloalkanes via dianionic ring formation” Arkivoc 2007,
pp. 29-48.

Son, Ho-Jin et al., “Electrochemical Deposition of End-Capped
Triarylamine and Carbazole Dendrimers: Alternate Technique for
the Manufacture of Multilayer Films”, Chemistry of Materials, vol.
18, No. 25, Dec. 12, 2006, pp. 5811-5813.

Speier et al, “Relative Consecutive Competitive Rates of
Alkoxylation of Chlorosilanes”, Organometallics, 1993, 12, pp.
1981-1982.

Stock et al, “Siliciumwasserstoffe, X: Stickstoffhaltige
Verbindungen”, Beriche der deutschen chemischen Gesellschaft (A
and B Series), 1921, vol. 54, pp. 740-758.

Ward et al., Inorganic Syntheses, 1968, vol. 11, pp. 168-169.
Whitmarsh et al., “Synthesis and Structure of a Highly Branched
Polycarbosilane Derived from (Chloromethyl) trichlorosilane” 1991
Amer. Chem. Soc., Organometallics, 10, pp. 1336-1344.

Yoo et al., “Synthesis of Organosilicon Compounds by New Direct
Reactions”, Advances in Organometallic Chemistry, 2004, vol. 50,
pp. 145-177.

The International Search Report and Written Opinion, issued on
Dec. 23, 2014, in the corresponding PCT Patent Application No.
PCT/IB2014/001629.

Abboud et al., “Critical Compilation of Scales of Solvent Param-
eters. Part I. Pure, Non-Hydrogen Bond Donor Solvents”, Technical
Report, Pure Appl. Clem., vol. 71, No. 4, pp. 645-718, 1999.
International Search Report and Written Opinion under PCT/
US2012/058764 mailing date of Mar. 25, 2013.

Wells et al., Studies of Silicon-Nitrogen Compounds. The Base-
Catalyzed Elimination of Silane from Trisilylamine, Article, J. Am.
Chem. Soc. 1966, 88 (1) pp. 37-42.

Fessenden et al., The Chemistry of Silicon-Nitrogen Compounds,
Article, Chem. Rev., 1961, 61(4), pp. 361-388.

Hassler et al., “The (Chloromethyl)dihalosilanes X2HSiCH2Cl
(X=F, Ci, Br, 1): Synthesis, Multinuclear NMR Spectroscopy and
Rotational Isomerism Examined by Raman Spectroscopy,” Euro-
pean Journal of Inorganic Chemistry, vol. 2004, Issue 21, pp.
4259-4265, Nov. 2004.

Ohshita et al. “Polymeric organosilicon systems. 11. Synthesis and
some properties of poly(disilanylenebutenyne-1,4-diyls) and
poly[(methylphenylsilylene)butenyne-1,4-diyl],” Macromolecules,
1992, 25 (8), pp. 2134-2140.

Seyferth et al., “The Preparation of Chloromethyl Derivatives of
Germanium and Silicon by the Diazomethane Method,” J. Am.
Chem. Soc., 1955, 77 (4), pp. 907-908.

* cited by examiner



U.S. Patent Sep. 20, 2016 Sheet 1 of 8 US 9,446,958 B2

FIG. 1 16—




U.S. Patent Sep. 20, 2016 Sheet 2 of 8 US 9,446,958 B2

108 <_l>
[‘(1 03
1 1 1 107 \“\ \‘

/ i
Y109 101

100

110 o102

i
i
1t




U.S. Patent Sep. 20, 2016 Sheet 3 of 8 US 9,446,958 B2

Pressure & Temperature

Time (min)

FIG.3



U.S. Patent Sep. 20, 2016 Sheet 4 of 8 US 9,446,958 B2

-
- -
-
-
——ﬂ—_—'
-

Pressure & Temperature

1 T 1
0 50 100 150
Time (min)

FIG. 4



U.S. Patent Sep. 20, 2016 Sheet 5 of 8 US 9,446,958 B2

L

)

850 oo
e -
€ 304+--------mmmmmmmm e PO L =
(] .

— 20 —::;;::;::—f"“"""""’-:: ““““““““““““““““““““““““ -
G 10 o -
© O -
3

8 _10 1 | 1 1 I | 1
o 0 20 40 60 80 100 120 140
o

Time (min)

FIG.5



U.S. Patent Sep. 20, 2016 Sheet 6 of 8 US 9,446,958 B2

O 1 i i 1 i 1 |
0 20 40 60 80 100 120 140

FIG. 6



U.S. Patent Sep. 20, 2016 Sheet 7 of 8 US 9,446,958 B2

0 20 40 60 80 100 120 140 160 180 200

FIG.7



US 9,446,958 B2

Sheet 8 of 8

Sep. 20, 2016

U.S. Patent

8 'Old

Aaquinp Jouog

09 0% ov i3 ot o1 0
w £87
; *
w ; L ¥ e
: S 108t ! 100
“ TET M.qﬁ 0€T ov ¥
;; 621
, 651 “ Y st
£1¢ ; - m o T i “ Yoo
; WETE C et 95T - VT -
: . ,ﬁ“ IR Ag
S 88T :
v g
M vvl
v0°8T 09
711 W

(1aquinn ,._o:on: >tummmm sima7 pue Aliaejod u:w>_om

= 70

L €0

SED

)

- SY'0

50

Aejod 1uanjos 13




US 9,446,958 B2

1
APPARATUS AND METHOD FOR THE
CONDENSED PHASE PRODUCTION OF
TRISILYLAMINE

This application claims priority of U.S. patent application
Ser. No. 13/852,614 filed on Mar. 28, 2013 which applica-
tion claims priority of U.S. patent application Ser. No.
13/645,184 filed on Oct. 4, 2012 which claims priority of
U.S. Provisional Patent Application Ser. No. 61/544,468,
entitled “APPARATUS AND METHOD FOR THE CON-
DENSED PHASE PRODUCTION OF TRISILYLAMINE”
filed on Oct. 7, 2011, which is incorporated by reference
herein.

FIELD OF THE INVENTION

This invention relates to a batch method for synthesizing
silylamines, particularly trisilylamine in a solvent. The
invention relates to a process that promotes reaction condi-
tions suitable for a high efficiency synthesis of silylamines.
The primary silylamine of interest is trisilylamine. Produc-
tion of disilylamine in commercial quantities is also within
the scope of the present invention.

BACKGROUND OF THE INVENTION

Trisilylamine (“TSA”) is a useful molecule for use in
semiconductor manufacturing. It is stable once produced,
but is susceptible to decomposition from excessive reaction
conditions and synthesis by-products. Dussarrat, et al. U.S.
Pat. No. 7,192,626 demonstrated that a stable Silicon nitride
film is formed on a substrate by feeding trisilylamine and
ammonia into a CVD reaction chamber that contains a
substrate.

Wells and Schaefter (J. Am. Chem. Soc., 88:1, 37 (1996))
discuss a batch method of preparing trisilylamine by the
reaction silyl chloride with ammonia. They report the yield
of trisilylamine varied depending on the method of mixing
and the purity of the reactants. Wells and Schaeffer allowed
the reactants to mix in the gas phase by introducing the
ammonia from below into a 1 liter bulb containing silyl-
chloride. After introducing the gaseous ammonia very
slowly, the reaction bulb and contents were allowed to
remain at room temperature for 15 min. Copious amounts of
white solid were precipitated on the walls of the bulb as soon
as mixing occurred. The product was removed and the
trisilylamine recovered. The process yield was about 77% of
the theoretical amount of trisilylamine.

In the batch reactor process, all of monohalosilane is
charged into the reactor vessel. Batch size is limited by this
initial charge and the size of the vessel. Ammonia gas is then
slowly added into the flask. Reaction conditions will vary in
the vessel depending on the initial concentrations of mono-
halosilane and ammonia and the efficiency of turbulent
mixing in the vessel. The mixing is affected by vessel size
as well as the efficiency of the mechanical mixing device if
one is employed. In addition, during the batch process the
silylamines produced are in contact with ammonium halide
which is also a product of the reaction. Ammonium halides
such as ammonium chloride are catalysts and will dispro-
portionate TSA into silane and other degradation products
thereby lowering the yield of TSA. The reaction of silyl
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halide and ammonia produces heat thereby exacerbating the
degradation conditions in a closed reactor vessel.

US 2010/0310443 is directed to a tubular flow gas phase
reactor and a process for the synthesis of silylamines which
have been found to produce high volumes, at high yield
efficiencies of silylamines. The reactor has a combination of
characteristics found in plug flow and laminar flow devices.
This combination of properties results in a high volume high
efficiency synthesis of silylamines. The primary silylamine
of interest is trisilylamine. Production of disilylamines in
commercial quantities is also within the scope of the present
invention. This process produces high volumes of ammo-
nium halide requiring the reaction tube to be opened and
cleaned after each production batch is produced. This is a
labor intensive process leading to significant down time.

SUMMARY OF THE INVENTION

The present invention is directed to a condensed phase
batch process for synthesis of TSA comprising: (a) adding a
solvent to a reactor vessel; (b) cooling the solvent; (c)
condensing monohalosilane into the solvent to form a solu-
tion; (d) adding anhydrous ammonia into the solution to
form a reaction mixture; (e) separating the silylamines,
excess monohalosilane and TSA from the reaction mixture;
and (f) purifying the silylamines to obtain TSA;

Condensed phase reactions of excess monohalosilanes,
such as monochlorosilane (“MCS”) with ammonia, are
beneficial since the formation of TSA occurs rapidly con-
comitantly producing ammonium halide salt which in the
case of MCS is ammonium chloride (“NH,CI”) salt. Such
salts are localized in the reaction zone as a slurry with the
solvent. This approach preferably utilizes a high boiling
point solvent to act as a heat-transfer medium in which the
ammonium chloride salt is dispersed and downstream prod-
uct removal is devoid of salt formation. The general benefit
of this approach is the formation of TSA in the condensed
phase followed by vacuum stripping of the product from the
reaction slurry and discharge of the waste salt/solvent slurry
from the reactor vessel after which the reactor can be
re-charged with solvent and excess, liquefied monohalosi-
lane for another batch synthesis. In this condensed phase
process, the reactor does not have to be cleaned before the
next batch run as the ammonium chloride salt byproduct of
the reaction is removed as a slurry in the solvent.

This condensed phase reaction scheme provides the fol-
lowing benefits:

A. Low temperature, condensed-phase reactions of
ammonia with monohalosilane in a solvent in which the
formation of TSA is enhanced over a relatively short period
of time.

B. Suitable solvents such as anisole (methoxybenzene)
provide vapor pressure depression/boiling point elevation of
the MCS reagent, which promotes the formation of liquefied
MCS and favorable condensed-phase disilylamine (“DSA”)
intermediate reaction kinetics.

C. The solvent acts as a uniform heat transfer medium in
which byproduct waste salt is dispersed and localized pre-
dominantly in the reaction mixture.

D. The suppression of partially substituted silylamines
(such as DSA) that could react further down stream during
product collection.

The complete reaction is:

ANH,+3SiH;X—3NH,X+(SiH;);N
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It is believed that the silylamines of the present invention
are produced in accord with the following reaction
sequence:

2NH,+SiH;X—NH,X+SiH,NH,
2SiH;NH,—NH,+(SiH,),NH

3(SiH;),NH—NH,+2(SiH;);N
Where X=Cl, F, Br, 1 10

BRIEF DESCRIPTION OF THE DRAWINGS

Specific embodiments of the invention are described
below with reference to the following. 15
FIG. 1 is a simplified schematic diagram of a condensed
phase reactor of the invention utilizing a Schlenk tube.

FIG. 2 is a simplified schematic diagram of a condensed
phase reactor of the invention utilizing a Parr reactor vessel.

FIG. 3 is the graphic representation of temperature and 20
pressure versus time for Experiment 8.

FIG. 4 is the graphic representation of temperature and
pressure versus time for Experiment 9.
FIG. 5 is the graphic representation of temperature and
pressure versus time for Experiment 11. 25
FIG. 6 is the graphic representation of temperature and
pressure versus time for Experiment 12.

FIG. 7 is the graphic representation of temperature and
pressure versus time for Experiment 13.

FIG. 8 is the graphic representation of solvent polarity 30
(ETY) and Lewis Basicity (Donor Number “DN”) for spe-
cific solvents.

DETAILED DESCRIPTION OF THE
INVENTION 35

The general method of this invention includes the follow-
ing:

Filling the reactor with an appropriate solvent (anisole,
high boiling point ethers, aliphatic and aromatic hydrocar- 40
bons, etc.);

Adjusting the solvent or solvent formulation (one or more
solvents) to an initial temperature between about 100° C.
and about -78° C.;

Adding an excess of monohalosilane (relative to the final 45
amount of ammonia added to the system) in a range of about
5 to about 300 mole %;

Adding anhydrous ammonia into the solution through one
or more dip/sparge tubes that are below the liquid level at a
rate that silylamine formation and does not induce the 50
formation of polysilazane and silane and reactions of the
solvent with the reactants to form undesired products. Form-
ing silylamines in the reaction mixture; A non-limiting list of
factors affecting the rate of addition of ammonia into the
solution include, volume of the solvent, concentration of the 55
monohalosilane, temperature of the solvent reaction mix-
ture, mixing efficiency, and the rate of heat transfer out of the
reaction vessel. A preferred rate of addition of ammonia for
moderate sized batch reactions would be from about 100 mg
to 5 g/minute, for larger and production batches the rate of 60
addition would be a function of batch size and therefore
would be proportionately greater; a preferred temperature of
the reaction solvent throughout the addition of ammonia is
from about 70° C. to just above the freezing point of the
solvent and reactant solution. 65

Separating the reaction products, silylamines, from the
reaction solution. Reaction product silylamines are trisi-

4

lylamine and disilylamine. Preferred methods of separation
include vacuum stripping or distilling the product mixture,
which may be preceded by filtration, at reduced pressure
once all of the ammonia has been added and collecting the
distillates which contain the product(s) in a low temperature
cryotrap. The temperature of the reaction mixture may be
raised during vacuum stripping. In pilot scale batches the
reaction mixture temperature has be raised to about 100° C.
during vacuum stripping.

Purifying the product to obtain pure aminosilane. The
preferred aminosilane is trisilylaming (“TSA”); preferred
purification processes are fractionation or distillation.

Mixing the waste ammonium chloride salts in solvent to
suspend or slurry the solids in the solvent and either drain or
pressure transfer the waste stream out of the reactor.

The reactor can then be re-charged for another batch
synthesis).

A step wise description of the process follows:

A process for preparing silylamine comprising:

(a) adding a solvent to a reactor vessel;

(b) adding monohalosilane into the solvent to form a

solution;

(c) adding anhydrous ammonia into the solution to form

a reaction mixture;

(d) forming silylamines in the reaction mixture;

(e) separating silylamines from the reaction mixture; and

(®) purifying silylamines;

wherein the solvent has a DN between about 6 to about 28

and an E, from about 0.1 to about 0.4.

In a preferred embodiment, anisole is the solvent and an
excess of about 20 to about 50 mole % monohalosilane to
ammonia is used and an initial reaction temperature of about
10° C. to about 60° C. In a preferred embodiment, the
monohalosilane is MCS.

The preferred ammonia addition process is to react the
ammonia and MCS in the solution and limit any gas-phase
reactions in the headspace above the solution thereby avoid-
ing ammonium chloride build up on the exposed surface of
the reactor vessel and down stream of the reaction vessel
such as in the cryogenic traps. Ammonium chloride salt
found in the downstream storage vessels is referred to as
“down stream salt.”

The solvent aspect ratio is defined as the relationship of
the height of solvent (liquid level) divided by the internal
diameter of the reactor and is important relative to the path
the ammonia or intermediate disilylamine (DSA) product
has to travel to break through the surface of the liquid at the
solvent-headspace interface.

The lower limit value for the aspect ratio is not critical but
is an experienced based guide for setting an anhydrous
ammonia gas flow/feed rate in a particular reactor in light of
the following parameters; solvent, MCS concentration, tem-
perature and pressure.

Preferred operation of the reactor is achieved when the
feed rate of the ammonia gas is adjusted such that all of the
ammonia is reacted with MCS in solution and none of
ammonia gas escapes the solution to enter the headspace
above the solvent surface. Better gas dispersion methods,
better mixing and a higher solvent aspect ratio are process
methods that will support a higher ammonia gas flow rate
thereby speeding processing time.

The preferred initial temperature of the process is about
-55° C. to about 60° C. In general, the lower limit of the
operating temperature of the reaction process is the melting
point of MCS in the solvent and the upper temperature limit
is determined by engineering conditions such as to avoid
product decomposition and reduced efficiency of the pro-
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cess. In the case of anisole, depending on how much MCS
is added, there is a considerable melting point depression
below the anisole melting point of —=37.3° C. The melting
point of a given concentration of MCS in a particular solvent
is easily determined by one skilled in the art without undue
experimentation.

The solvent of the present invention acts as a heat
transport medium and as a medium for dispersing ammo-
nium chloride formed during the formation of TSA. The
solvent must have all of the following characteristics:

Does not react with the starting materials, intermediates

or final product

Has a boiling point or vapor pressure that allows for

optimum distillation/product recovery.

The ratio of the vapor pressure of solvent to the vapor
pressure of TSA at a given temperature is about 1:5, pref-
erably about 1:10 or less to facilitate vacuum stripping of the
reaction products from the solvent. In this description, a
ratio of vapor pressure of 1:10 will be considered less than
a vapor pressure ratio of 1:5. Conversely, a vapor pressure
ratio of 100:1 will be considered greater than a ration of
10:1. In a preferred embodiment, the solvent is anisole and
at a temperature of about 20 to about 40° C. the ratio of
vapor pressure for anisole to TSA is 3.5:315 which equals
about 1:90. The vapor pressure ratio is an important indi-
cator of the separation efficiency for removing TSA and
DSA from the solvent by vacuum stripping or distillation. A
solvent with a low vapor pressure with respect to the vapor
pressure of DSA and TSA will facilitate vacuum stripping of
the DSA and TSA from the reaction solvent and collecting
the DSA and TSA products.

A solvent with a high vapor pressure with respect to DSA
and TSA will also facilitate removal of the solvent from the
DSA and TSA leaving a concentrated DSA and TSA product
in a storage vessel that will not collect the lower boiling
higher vapor pressure solvent. The DSA and TSA products
collected may then be further purified by standard tech-
niques such as those disclosed herein and in the literature.

Suitable solvents are solvents that are aprotic, non-acidic
(Lewis acidic) and solvents that do not form strong hydro-
gen bonds (N—H a source of hydrogen bonding). Suitable
solvents have a Donor Number (“DN”) between from about
6 to about 28 and preferably between from about 6 to about
24 and a solvent polarity (“ET"”) between from about 0.1 to
about 0.4. Abboud and Notario, Pure Appl. Chem., Vol. 71,
No. 4, pp. 645-718, 1999 provide the definitions of DN
(page 684) and ETY and ET30 (pages 672-673) as well as
how to determine these values for solvents and a compre-
hensive listing of these values for many solvents. The entire
contents of Abboud and Notario is incorporated herein by
reference. Portions of Abboud and Notario further defining
DN and E are reproduced herein under the heading Defi-
nitions and Units of Model Dependent Scales.

In chemistry a Donor Number or “DN” is a quantitative
measure of Lewis basicity. A donor number is defined as the
negative enthalpy value for the 1:1 adduct formation
between a Lewis base and the standard Lewis acid SbCl,
(antimony pentachloride), in dilute solution in the noncoor-
dinating solvent 1,2-dichloroethane with a zero DN. The
units are kilocalories per mole. The donor number is a
measure of the ability of a solvent to solvate cations and
Lewis acids. The method was developed by V. Gutmann in
1976, “Solvent effects on the reactivities of organometallic
compounds”. Coord. Chem. Rev. 18 (2): 225. Likewise
Lewis acids are characterized by acceptor numbers. In
summary, the Gutmann Acceptor (AN) and Donor Number
(DN) are measures of the strength of solvents as Lewis acids
or bases. The Acceptor Number is based on the **P-NMR
chemical shift of triethylphosphine oxide in the solvent. The
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Donor Number is based on the heat of reaction between the
‘solvent” and SbCly in CH,CICH,CI.

It is believed that the increased efficiency of the synthesis
of trisilylamine in the inventive solvents may be a result of
the following solvent properties. An electron donor group
places electron density on the silicon atom. Since chlorine is
electronegative and is assigned a partial negative charge,
additional electron density on the silicon atom will lengthen
the Si—Cl1 bond, making 1t weaker and easier to break. If the
bond is easier to break, the reaction proceeds more readily
and can outcompete side reaction that lead to undesired
by-products.

Preferred solvents are selected from the group consisting
of aliphatic hydrocarbons, aromatic hydrocarbons, symmet-
ric ethers, unsymmetric ethers, poly-ethers, crown ethers
and chloro-fluorocarbons, high-boiling point, mono-oxy-
genated ethers non limiting examples are; R—O—R';
R=—R"; and R=R', wherein R and R' are linear, branched or
cyclic alkyl groups. Mixtures of the solvents are suitable in
the present inventive process. The boiling point, and there-
fore vapor pressure of preferred solvents would be either
high or low relative to TSA. In examples, solvents were
selected that had at least about a 1:10 vapor pressure ratio
(solvent:TSA) relative to TSA in which TSA could easily be
vacuum-stripped with little solvent transport. For example,
TSA has a vapor pressure of 315 torr at 25° C., whereas
anisole has a vapor pressure of 3.5 at the same temperature.
Donor Number (“DN”) and Solvent Polarity (“E/") of
Solvents

Solvent type solvents DN ET30 ETY
Ethers Anisole 9 37 0.198
Diethyl ether 19.2 345 0.117
THF 20.5 37.4 0.207
Diglyme ~20 37 0.198
Range 6-24 33-44 0.1-04
Aromatic Toluene 0.1 33.9 0.099
hydrocarbons
Range 0.1-5 33-35 0.07-0.14
Amines Range 21-60 32-42 0.04-0.36

Several solvents were used in the examples. A preferred
solvent is anisole. A non-limiting list of solvents useful in
the present invention would include: anisole (methoxyben-
zene), high boiling ethers; di-n-butyl ether, di-t-butyl ether,
di-sec-butyl ether, di-n-hexyl ether, dioxane (two oxygens,
cyclic ether), diglyme. See above and Table 2, high volatility
ethers may work as well such as diethyl ether and tetrahy-
drofuran (““THF”); these latter ethers may be more difficult
to separate from TSA due to their proximities in boiling
points and vapor pressures. The high-boiling ethers are more
preferred, aliphatic hydrocarbons, cyclic and ring-fused
hydrocarbons, aromatic hydrocarbons, and fused aromatic
compounds that have melting points below 0° C. are pre-
ferred. Mixtures of solvents are also within the scope of the
invention.

Example 1

Synthesis Using a Schlenk Tube Reactor FIG. 1

A 250 mL Schlenk tube 19, fitted with an internal ther-
mocouple probe (/4" 0.d. stainless steel, T-type) 15, 14" o.d.
stainless steel ammonia sparge tube 18, and 14" o.d. HDPE
tubing was charged with 100 mL of anhydrous anisole under
nitrogen. The tube was placed in a temperature controlled
bath. The end of the sparge tube was raised above the liquid
level and the solvent was cooled to -35° C. (freezing point
of anisole is =37° C.). The head space nitrogen was then
removed in vacuo from the Schlenk tube, with agitation of
the solvent with magnetic stir bar 17, to a final pressure of
less than 1 torr. A 7.8 L (internal volume) carbon steel
cylinder, which contained 900 torr pressure MCS (26.4 g,
397 mmoles) 25 was then added (through tube 27) into the
adjacent U-trap (not shown) with the reaction tube closed.
The valve adapter (see FIG. 1) 29 on the Schlenk tube was
then opened and the MCS in the U-trap was allowed to warm
to ambient temperature, upon which it condensed into the
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reaction tube 19. The tube was cooled further to —-60° C. and
the internal pressure dropped to approximately 63 torr.
(Further cooling of the solution to —65° C. resulted in the
solvent freezing.) The reaction tube was then allowed to
warm to —45° C. and a stream of house nitrogen was added
to clear the sparge tube 18 of any MCS for several minutes.
(The internal pressure increased during this time to 510 torr.)
The ammonia cylinder (440 cc sslb containing 6.7 g NH;,
393 mmoles; internal pressure approximately 100 psig) 10
was opened up and pressurized to valve 12. The inert gas
purge was reduced by adjusting the rotameter (14, Cole-
Parmer 65-mm correlated flow meter, Aluminum with SS
float; PN: EW-32044-06) to a lower setting (approximately
80% flow reduction). The anhydrous ammonia feed was then
started by closing 24 and opening 12; the ammonia pressure
and flow rate were adjusted by manipulating 11 and 14 (FM
setting at 50). The sparge tube was quickly submerged into
the MCS/anisole solution 16 and a white precipitate was
immediately formed.

The entire addition process was uneventful except for the
formation of a mass of NH,Cl salt at the mid point of the
solvent level in which no vortex was observed. Some gas
breakthrough was observed toward the end of the addition.
Very little salt formation was observed in the headspace and
virtually no salt was observed at the top of the Claisen
adapter 20. The Schlenk tube was periodically removed
from the bath (not shown) and shaken to break up the
ammonium chloride in the reaction zone. The ammonia feed
rate was reduced (FM setting at 10) whenever this was done.
The wvolatile components (i.e. hydrides) were vacuum
stripped under dynamic vacuum (Schlenk tube at about -30°
C. to about —10° C. during the course of hydride removal)
through two U-traps, not shown and cooled to about -30° C.
(solvent trap) and about -196° C. (TSA, MCS, silane trap)
20 minutes after the ammonia flow was shut off. A total of
16.74 g of hydride mix was collected in the -196° C. trap
and less than 5 mL of solvent in the other trap. The contents
of the former trap were condensed into a 440 cc stainless
steel lecture bottle (“SSLB” not shown) and stored in a
freezer (temperature at approximately —23° C.) until it was
purified later via fractional condensation. A significant
amount of ammonium chloride was left behind in the trap
once the hydride mixture was removed; albeit most of the
salt was left in the Schlenk reaction tube and the amount of
salt in the trap was less than about a gram. Later purification,
via fractional condensation into two traps cooled to -=78° C.
and -196° C., revealed that 170 mg of residue remained in
the SSLB. A total of 6.8 g TSA (63.4 mmoles) was retained
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in the former trap and the latter trap contents were trans-
ferred back into the SSLB. The yield of TSA, based on the
amount of ammonia “consumed” in the reaction, is 74.4%
(98.8% purity checked by GC-MS analysis) with a total
hydride recovery of 90+% (based on silicon content). No
evidence of solvent fragmentation contamination was
observed in the analysis of purified TSA.

Example 2
Synthesis Using a 600 cc Parr Reactor (FIG. 2)

A 600 cc Parr 100 reactor was charged with 200 mL of
anhydrous anisole 106 under nitrogen. (The reaction appa-
ratus is shown in FIG. 2). The reactor was then cooled in an
ice bath (not shown) and the nitrogen removed in vacuo.
Monochlorosilane (65.7 g, 987 mmol., 200 mole % excess)
was charged into the reactor through a dip tube 101. The
internal pressure of the reactor was approximately 900 Torr
at 0° C. The dip tube was then purged with nitrogen
delivered through flow meter 111 and tube 107 to clear the
line and dip tube. Anhydrous ammonia was immediately
added to the reactor through the dip tube. The reactor was
stirred with a stirring rod 102 throughout the entire reagent
loading and reaction time at a rate of 250 rpm. The tem-
perature and pressure was monitored via an internal K-type
thermocouple 103 and a 0-60 psig pressure gauge 104.
Anhydrous ammonia (7.5 g, 440 mmol.) was added to the
reactor at a rate of 140 mg/min. over the course of 54
minutes from the ammonia cylinder (440 cc sslb containing
6.7 g NH;, 393 mmoles; internal pressure approximately
100 psig) 110 through flow meter 109 and valve 108. The
reaction mixture was stirred at 0° C. for an additional 45
minutes and the volatiles removed under dynamic vacuum.
The product gas was collected in a U-trap (not shown) held
at —=196° C. downstream from a solvent trap (U-trap) cooled
to =35° C. Less than 2 mL of solvent was collected in the
solvent trap. The product mixture was transferred to a 440 cc
stainless steel lecture bottle and the contents were purified
via fractional condensation using two U-traps cooled to -78
and -196° C. The contents of the —78° trap contained 9.84
g TSA (92 mmol., 83% yield) and the -196° C. trap
contained excess MCS and trace silane.

Examples 3 to 7 were prepared by the procedure of
Example 2 under the conditions described in Table 1. The
yield of each example is reported in Table 1.

The first run was performed in glass, the rest in a 600 cc
stirred Parr reactor. The gray boxes indicate product yields
that may have contained a significant amount of solvent
(toluene).

TABLE 1

Summary of examples 1-7.

Experiment Number

1 2 3 4 5 6 7
Solvent Anisole | Anisole | Anisole | Toluene | Toluene | m-Xylene | Anisole
Solvent (mL) 100 200 200 200 200 200 200
MCS (g) 264 54.E 54.26 54.00 47.52 58.14 65.7
MCS Concentration 0.264 0.273 0.271 0.270 0.238 0.291 0.329
(g/mL)
MCS mole % excess 55% 140% 163% 88% 150%
NH3 consumed (g) 5.80
Solvent Aspect Ratio 2:1
Run Time (min.) 63
NH3 Feed Rate (g/min.) 0.092
Reaction Temp. (° C.) -30
Salt Concentration (g/ml) | 0.137
TSA (g) .
Yield (ammonia basis)
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In examples 4 and 5 below, the yield and mole percent
hydrides recovered results may contain residual solvent
contamination. The “% salt downstream” indicates a weight
percentage of ammonium chloride that is collected in the
cryo-trap from the maximum amount calculated (theoretical
amount) for each experiment.

The reactants are contacted in a manner that optimizes
reaction conditions thereby avoiding excessive reaction con-
ditions such as heat build up from the exothermic reaction
which can result in product decomposition and the formation
of synthesis byproducts, notably silane and silazane poly-
mers. For example, the process causes the ammonium halide
by product of the reaction to stay in the reactor while the
gaseous products such as disilylamine and trisilylamine are
vacuum stripped from the solvent mixture and flow out of
the reactor and are collected in a cold trap vessel substan-
tially free of ammonium halide and solvent which can cause
decomposition of the hydride products. The ammonium
halide byproduct of the synthesis is crystalline under reac-
tion conditions, therefore it remains in the solvent in the
reactor while the gaseous products continue to travel up the
reactor and out of the reactor. The boiling point of trisi-
lylamine is 52° C. at one atmosphere.

The reactor is run at reduced pressure or at pressures up
to about 2000 Torr. Preferably the reactor is kept at pressure
of about equal to or lower than the vapor pressure of the
monohalosilane at any given reaction temperature. In opera-
tion, the reactor pressure will drop as the monohalosilane is
depleted. Preferably maintaining the reactor internal pres-
sure at about 100 torr to about 1500 torr. A preferred
operating pressure would be about two atmospheres or less.
Maximum operating pressure is about 80 psig.

The present invention is directed to a process for prepar-
ing trisilylamine comprising:

(a) adding a solvent to a reactor vessel;

(b) adding monochlorosilane into the solvent to form a

solution;

(c) adding anhydrous ammonia into the solution to form

a reaction mixture;

(d) forming trisilylamine in the reaction mixture;

(e) separating the trisilylamine from the reaction mixture;

and

(®) purifying the trisilylamine

wherein the solvent has a DN between about 6 to about 24
and an E,” from about 0.1 to about 0.4.

After the solvent is added to the reaction vessel, the
temperature of the solvent may optionally be adjusted prior
to condensing monochlorosilane into the solvent to form a
solution. The temperature of the solvent may be adjusted to
be between from about 70° C. to about —78° C., preferably
from about 60° C. to about -20° C., and most preferably
from about 50° C. to about -20° C.

Monohalosilanes useful in the present invention include
monofluorosilane, monochlorosilane, monobromosilane and
monoiodosilane. Monochlorosilane is preferred.

Summary Examples 8 to 13

TSA was synthesized in a 4 I Autoclave stirred-tank
reactor with anisole as the solvent media. A total of six runs
were conducted with varying target reaction temperatures,
excess MCS amounts and the solvent to NH, ratio. Based on
the results of the runs the following reaction conditions are
recommended:
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Reaction Temperature equals about 20° C. to about 60° C.

Excess MCS amount equals about 25% to about 40%
excess to theoretical MCS amount on a mole to mole basis.

TSA results are reported as a percent of theoretical yield.

Solvent to NH; mass ratio equals about 25:1 to about
30:1. Solvent to NH; mass ratio will be expressed as a whole
number throughout this specification.

In the six runs, vacuum stripping was done from the
reactor (typically at 10 to 18 psia) to a receiver in a liquid
nitrogen dewar. The stripping rate was about 2.2 gm/min
through a %4 inch line and standard cylinder valve opening.
The crude product was collected in the receiver through a
filter to remove any salt carry over from the reactor. Also,
about 6% (by mass) if the collected crude is estimated to be
carried-over solvent, salt and heavies. In FIGS. 3-7, The X
axis is time in minutes and the Y axis is temperature in ° C.
for the top broken line representing temperature and the Y
axis is pressure (psig) for the bottom solid line of each
figure.

Details on the Examples
In total, six runs were conducted in the 4 L reactor.
Example 8

The target reaction temperature 0° C.

Excess MCS equals about 63%

Solvent to NH3 mass ratio is 30 (30:1)

The temperature and pressure profile in the reactor as a
function of time is shown in FIG. 3. The top broken line in
FIG. 3 represents temperature (° C.) and the bottom solid
line represents pressure (psig)

The fluctuations seen in the temperature were attributed to
poor mixing. On further analysis it was determined that the
viscosity of anisole is about 33% higher at 0° C. than at 20°
C. So it may be that the higher viscosity of anisole combined
with the increasing amount of salt in the reactor may have
contributed to the temperature fluctuations. The TSA yield
was 84%.

Example 9

The target reaction temperature—25° C./room tempera-
ture

Excess MCS—26%

Solvent to NH; Mass ratio=28.4

The temperature and pressure profile as a function of time
is shown in FIG. 4. The top line in FIG. 4 represents
temperature (° C.) and the bottom line represents pressure
(psig). The TSA yield was 85.4%.

Example 10

Twice the target amount of ammonia was added. The
results of this run indicated that with excess NH;, no TSA
or MCS were produced and captured in the product receiver
and that only SiH, and NH; were seen in the liquid and
vapor phase. The TSA yield was 0%.

Vapor Phase Liquid Phase
SiH, 83.45% 11.74%
NH; 16.55% 88.02%

The initial pressure in the receiver, once warmed up, was
more than 180 psig, above the vapor pressure of NH; at
room temperature and so most of the NH; was seen in the
liquid phase this observation indicates that (i) NH; and TSA
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react in the condensed phase to form silane and (ii) no such
reaction happens in the vapor phase.

Example 11

Target reaction temperature=25° C./room temperature
Excess MCS=39%
Solvent to NH; ratio=25

The pressure and temperature profile during the run is
given in FIG. 5. The top line in FIG. 5 represents tempera-
ture (° C.) and the bottom line represents pressure (psig).
The TSA yield was 94.3%.

The reactor vapor phase was analyzed at different times
during the run and the vapor phase concentration profile is
given below.

The concentration of MCS decreased gradually during the
run with the corresponding increase in concentration of
other species such as SiH,, TSA and DSA. Calculation of the
partial pressures of different species (see table below) indi-
cated that the SiH, in the vapor phase, at least initially, is
from the SiH, in the MCS feed.

Partial Pressure as a Function of Time

Time MCS DSA
(min) SiH, (psia) (psia) (psia) TSA (psia)
18 1.79 22.73 0.00 0.00
39 2.44 16.46 0.62 0.79
110 3.66 9.82 1.15 2.66

The above results indicate that as the MCS in the liquid
phase is consumed, the reaction shifts to the vapor phase
with the formation of TSA increasing with time, with a
corresponding decrease of MCS. The increase of SiH,
amount can either be (i) SiH, in the MCS feed or (ii)
decomposition of TSA in anisole due to the presence of salts.

Example 12

Target reaction Temp=25° C. or room temperature
Excess MCS=42%

Solvent/NH; Mass ratio=25

NH, addition rate=0.5 grams/min

The pressure and temperature profile during the run is as
follows in FIG. 6. The top line in FIG. 6 represents tem-
perature (° C.) and the bottom line represents pressure
(psig). The TSA Yield was 81.9. %

The reactor pressure was steady at about 5 psig for most
of the run but after about 120 minutes the pressure increased
rapidly. Samples of vapor phase in the reactor were taken at
different times during the run.

The amount of silane in the vapor phase at t=0 (t=time)
should be from the silane in the MCS feed. An analysis of
the MCS feed showed that it contained about 1% silane and
so based on the amount of MCS added it can be estimated
that 1.08 gms of SiH, was added in the feed. An overall mass
balance of silane showed that about 50% of the silane in the
feed MCS is in the vapor phase and so the remaining should
be solubilized in anisole. An independent set of tests con-
ducted with MCS and anisole showed that about 66% of the
SiH, in the MCS feed can be accounted for in the vapor
phase.
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Partial pressure of the different species as a function of
reaction time was calculated (see table below).

Partial Pressure as a Function of Time

DSA TSA SiH, amt
Time (min)  SiH, (psia) MCS (psia) (psia) (psia)  (grams)
0 2.89 17.11 0.06 0.03 0.52
5 3.73 16.64 0.23 0.06 0.68
38 447 11.13 1.29 0.74 0.81
75 5.19 10.59 0.40 1.98 0.94
123 15.00 0.05 4.75 8.05 2.72

If the initial partial pressure of silane is subtracted from
the partial pressures at different times, the differential partial
pressure increases as a function of time. This is true even
with a correction for an increase in reaction temperature as
time progresses. This indicates that (i) there is some decom-
position of TSA as more salt is formed or (i) the silane
dissolved in the solvent is slowly desorbing as the reaction
proceeds. Given that at the end of the NH; addition, the
amount of silane in the vapor phase exceeded that amount
added via the MCS feed, the decomposition of TSA in the
presence of salt with SiH, evolving has been demonstrated.

Example 13

Target reaction Temp=25° C. or room temperature
Excess MCS=27%

Solvent/NH; Mass ratio=26

NH; addition rate=0.5 grams/min

The pressure and temperature profile during the run is as
follows in FIG. 6. The top line in FIG. 7 represents tem-
perature (° C.) and the bottom line represents pressure
(psig). The TSA Yield was 50.9%.

Partial pressure of different species as a function of time
is given in the following table.

Partial Pressure as a Function of Time

DSA
Time (min) SiH, (psia) MCS (psia) (psia)  TSA (psia) NH; (psia)
0 1.84 17.49 0.03 0.03 0
5 1.94 16.48 0.02 0.03 0
36 2.18 15.08 0.16 0.17 0
73 2.80 13.66 0.17 0.88 0
153 15.88 0.06 5.98 12.89 3.19
183 12.20 0.04 2.56 3.19 8.11

NH, addition was stopped at t=153 minutes and a sample
was taken at that time. The reactor contents were continu-
ously stirred for an additional 30 minutes and a sample was
taken at t=183 min. Then only the reactor contents were
vacuum stripped.

Again, subtracting the initial partial pressure of silane
from the silane partial pressure at different times shows that
the silane amount increases in the vapor phase over time,
even after correcting for the temperature increase. Also, NH;
break through was seen in this run whereas no NH; peaks
were seen in the previous runs (Examples 9, 11 and 12). The
major difference is that both the excess MCS of 25% and the
solvent/NH; mass ratio of 25 are at the low end of the
operating conditions.

TSA in was analyzed by a gas chromatographic proce-
dure. The analysis conditions are indicated below.
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Product to be analyzed: TSA
Impurities to be analyzed: purity
Carrier Helium
Column/Mesh RTX-1
Length 105 m, 0.53 mm i.d.

Sampling condition

100 Torr static
100 Torr static

Gas phase
Liquid phase—see NOTE 1

Reference—see NOTE 2 Varies
Oven Conditions:

Initial Temp (° C.)/Time (min) 35/4.5
Ramp (° C./min) 25
Final Temp. (° C.)/Time (min) 100/3.0
Standby (overnight) Temp. (° C.) 35
Detector TCD

20 +/- 2 ml./min
20 +/- 2 ml/min

Flow A (For TCD)
Flow B (For Ref. Gas)
Approximate Retention Times:

SiH, 1.9 min
MCS 2.3 min
DSA 3.6 min
TSA 4.7 min
SiyNH, (Other Silylamine) 7.2 min
SisN,H 4 (Other Silylamine) 7.5 min

Abboud and Notario (“Abboud”) provide extensive tables
listing the properties of a number of solvents. Abboud Table
la assigns numbers, Abboud Number, to a listing of com-
pounds. Abboud Table 2a provides the ET” for the com-
pounds and Abboud Table 2d provides the DN for the
compounds.

Table 2 below compiles a non-limiting list of solvents,
inventive and non-inventive. Inventive compounds will have
an ETY between about 0.1 and about 0.4 and a DN between
about 6 and about 28. FIG. 8 graphically represents the
inventive ranges of ET” and DN and the relationship of
several inventive and non-inventive solvents.

TABLE 1
Donor Number (“DN”) and Solvent Polarity (“E+"") of Solvents
Solvent
Identifier
(Abboud Compound
Number) ETV DN Name
40 0.099 0.1 Toluene
43 0.0704 5 p-xylene
44 0.068 10 1,2,3,4-tetramethyl benzene
56 0.296 0.1 1,2-dichloroethane
110 0.17 4 iodobenzene
112 0.46 14.6 acetonitrile
114 0.364 16.6 butanenitrile
129 0.117 19.2 Diethyl Ether
130 0.102 17.8 Di-n-propy!l Ether
131 0.105 19 Di-isopropy! Ether
135 0.173 19 Dibenzyl ether
141 0.198 9 Anisole
142 0.182 8 Ethyl pheny! ether
144 0.336 16 bis(2-chloroethyl) ether
148 0.244 20 Diglyme
154 0.164 6 Furan
155 0.207 20.5 THF
156 0.179 12 2-methyl THF
159 0.17 22 tetrahydropyrane
161 0.164 14.8 1,4-dioxane
283 0.043 31.7 Triethyl Amine
287 0.179 27 N,N-dimethylaniline
313 0.145 50 Diethyl Amine

Based on ET” and DN a non-limiting list of solvents
suitable for the present invention includes: acetonitrile,
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butanenitrile, diethyl ether, di-n-propyl ether, di-isopropyl
ether, dibenzyl ether, anisole, ethyl phenyl ether, bis(2-
chloroethyl)ether, diglyme, furan, tetrohydrofuran (THF),
2-methyl THF, tetrahydropyrane and 1,4-dioxane.
Definition and Units of Model-Dependent Scales

‘Overall solvation’ scales [Abboud and Notario, Pure
Appl. Chem., Vol. 71, No. 4, pp. 672-673, 1999]

E(30) and E/

These are possibly the most widely used empirical solvent
‘polarity’ scales. According to Reichardt [1,3], the E/30)
value for a specified solvent is defined as the molar transition
energy (in kcal/mol) for the long wavelength electronic
transition of dye la, 2,6-diphenyl-4-(2,4,6-triphenylpyri-
dinio)-phenolate as a solution in this solvent at 25.0° C. and
at a pressure of 0.1 MPa. E/30) is obtained from the
experimentally determined vacuum wavelength of the
absorption maximum of this transition (Imax) through eqn

(11):
E30)/(kcal/mol)=28 591=(Amax/nm) (11)

The long-wavelength intramolecular charge-transfer
absorption band (‘solvatochromic band’ [1]) exhibits very
large hypsochromic shifts with increasing solvent ‘polarity’
(in Reichardt’s sense).

la is very sparingly soluble in solvents of low polarity.
This has prompted Reichardt and co-workers to develop
other indicators endowed with higher solubility in these
media. The much more lipophilic penta-tert-butyl-substi-
tuted derivative 1b has been found to be quite satisfactory
for the purpose of extending the E,(30) scale to these
solvents (Scheme 1). The quantitative link between E(30)
and E(1b) is given by eqn [12]:

E{1b)/(keal/mol)=0 9424 /(30)/(kcal/mol)+1.808 (12)
with n=57; r=0.9990; u=0.17 kcal/mol
Scheme 1
la,b
R
AN
+ P
N
R R
o
R R

la, R=H; 1b, R =t-Bu.

Equation (12) allows the indirect estimation of the E(30)
values for low polarity solvents.

‘Primary’ E{(30) values, that is, those obtained directly
from the study of the electronic absorption spectrum of la
are generally known within 0.1 kcal/mol. Simple statistical
considerations indicate that
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‘secondary’ values, obtained through eqn 12 are affected by
an uncertainty of ~2x0.17=0.34 kcal/mol.

The E(30) values given in this compilation come from
two main sources: (i) Reichardt’s 1994 review [3] and (ii)
Reichardt & Schafer’s [C. Reichardt, P. Schiffer. Liebigs
Ann. 1579 (1995).] 1995 paper. The latter contains new data
as well as some revised values for selected hygroscopic
solvents. We emphasize that the absorption spectra of Dim-
roth-Reichardt’s dyes such as la and 1b are known to be
extremely sensitive to traces of water and other hydrogen
bond donor impurities [C. Laurence, P. Nicolet, C. Reich-
ardt. Bull. Soc. Chim. Fr. 125 (1987).]. Data for super-
critical CO2 are from very recent work by Reichardt and
co-workers [R. Eberhardt, S. Lobbecke, B. Neidhart, C.
Reichardt. Liebigs Ann. Recueil 1195 (1997)].

E,~Y is a dimensionless ‘normalized’ scale, defined
through eqn 13:

E(Solvent)=[E{Solvent)-E {TMS)/[E { Water)-E 7

(TMS)] (13)

wherein tetramethylsilane (TMS) and water are selected
as rather extreme cases of ‘polarity’. The values given in this
compilation are taken from the same sources as E,(30).

Regarding the use of the term solvatochromism. Accord-
ing to Reichardt [C. Reichardt. Solvents and Solvent Effects
in Organic Chemistry, 2nd edn. VCH Weinheim, (1990). (b)
C. Reichardt. Chem. Rev. 94, 2319 (1994).]: ‘The term
solvatochromism is used to describe the pronounced change
in position (and sometimes intensity) of an UV-Visible
absorption band, accompanying a change in the polarity of
the medium. This term is widely used.

DN and AH®g 5 [Abboud and Notario, Pure Appl. Chem.,
Vol. 71, No. 4, pp. 684, 1999]

The scale DN (“donicity scale’) was developed in 1966 by
Gutmann [V. Gutmann, E. Wychera. Inorg. Nucl. Chem.
Lett. 2, 257 (1966). (b) V. Gutmann. Coordination Chemis-
try in Non-Aqueous Solvents. Springer, New York (1971).]
and has been extensively used since then. It precedes all
other ‘basicity scales’ and has played a seminal role in
solution chemistry. It is defined operationally as the negative
of'the standard enthalpy changes, AH®, s for the formation
of the 1:1 adduct between antimony pentachloride and
electron pair donor solvents D, both in dilute solution in
1,2-dichloroethane at 25.0° C. and 0.1 MPa, according to
reaction 35:

D(soln)+SbCls(soln) €= D:SbCls(soln) (35)
AH®, ;5 1s given by eqn 36:
AH® g ;s=AH, 'AH, (36)

wherein AH, and AH, are the enthalpy changes under
standard conditions for reactions 37 and 38, respectively:

D(pure liquid)+SbCls(soln) €—> D:SbCls(soln) 37
and
D(pure liquid) €= D(soln) (3%)

All these data were determined by calorimetric tech-
niques. In particular, AH, was obtained by dissolving pure D
into a solution containing an excess of SbCls.

The DN scale has been very widely used, particularly in
the field of coordination chemistry.

The description of illustrative and preferred embodiments
of the present invention is not intended to limit the scope of
the invention. Various modifications, alternative construc-
tions and equivalents may be employed without departing
from the true spirit and scope of the appended claims.
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We claim:

1. A process for preparing trisilylamine comprising:

(a) adding a solvent to a reactor vessel;

(b) adding monohalosilane into the solvent to form a

solution;

(c) adding anhydrous ammonia into the solution to form

a reaction mixture;

(d) forming trisilylamine in the reaction mixture;

(e) separating trisilylamine from the reaction mixture; and

(® purifying trisilylamine;

wherein the solvent has a donor number (DN) between

about 6 to about 28 and a solvent polarity (E;") from
about 0.1 to about 0.4.

2. The process of claim 1 wherein the solvent is selected
from the group consisting of aliphatic hydrocarbons, aro-
matic hydrocarbons, symmetric ethers, unsymmetric ethers,
poly-ethers, crown ethers, chloro-fluorocarbons and mix-
tures thereof.

3. The process of claim 1 further comprising adjusting the
solvent temperature prior to adding the monohalosilane into
the solvent to form a solution.

4. The process of claim 1 wherein the reactor vessel is
maintained at a pressure of about two atmospheres or less.

5. The process of claim 1 wherein the monohalosilane is
selected from the group consisting of monofluorosilane,
monochlorosilane, monobromosilane and monoiodosilane.

6. The process of claim 1 wherein the monohalosilane is
monochlorosilane.

7. The process of claim 3 wherein the solvent temperature
is adjusted to be between about 70° C. to about -78° C.

8. The process of claim 3 wherein the solvent temperature
is adjusted to be between about 50° C. to about -20° C.

9. The process of claim 1 wherein the molar ratio of
monohalosilane to anhydrous ammonia is from about 1.05:1
to about 3:1.

10. A process for preparing silylamines comprising:

(a) adding a solvent to a reactor vessel;

(b) adding monohalosilane into the solvent to form a

solution;

(c) adding anhydrous ammonia into the solution to form

a reaction mixture;

(d) forming silylamines in the reaction mixture;

(e) separating silylamines from the reaction mixture; and

(®) purifying silylamines;

wherein the solvent has a donor number (DN) between

about 6 to about 28 and a solvent polarity (E,") from
about 0.1 to about 0.4.

11. The process of claim 10 wherein the solvent is selected
from the group consisting of aliphatic hydrocarbons, aro-
matic hydrocarbons, symmetric ethers, unsymmetric ethers,
poly-ethers, crown ethers, chloro-fluorocarbons and mix-
tures thereof.

12. The process of claim 10 further comprising adjusting
the solvent temperature prior to adding the monohalosilane
into the solvent to form a solution.

13. The process of claim 10 wherein the reactor vessel is
maintained at a pressure of about two atmospheres or less.

14. The process of claim 10 wherein the monohalosilane
is selected from the group consisting of monofluorosilane,
monochlorosilane, monobromosilane and monoiodosilane.

15. The process of claim 10 wherein the monohalosilane
is monochlorosilane.

16. The process of claim 12 wherein the solvent tempera-
ture is adjusted to be between about 70° C. to about -78° C.

17. The process of claim 12 wherein the solvent tempera-
ture is adjusted to be between about 50° C. to about -20° C.
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18. The process of claim 10 wherein the molar ratio of
monohalosilane to anhydrous ammonia is from about 1.05:1
to about 3:1.

19. A process for preparing trisilylamine comprising:

(a) adding a solvent to a reactor vessel; 5

(b) adding monohalosilane into the solvent to form a

solution;

(c) adding anhydrous ammonia into the solution to form

a reaction mixture;

(d) forming trisilylamine in the reaction mixture; 10

(e) separating trisilylamine from the reaction mixture; and

(®) purifying the trisilylamine;

wherein the solvent is selected from the group consisting

of acetonitrile, butanenitrile, diethyl ether, di-n-propyl
ether, di-isopropyl ether, dibenzyl ether, ethyl phenyl 15
ether, bis(2-chloroethyl)ether, diglyme, furan, tetrohy-
drofuran (THF), 2-methyl THF, tetrahydropyrane, N,N-
dimethylaniline and 1,4-dioxane.

20. The process of claim 19 further comprising adjusting
the solvent temperature prior to adding the monohalosilane 20
into the solvent to form a solution.

21. The process of claim 20 wherein the solvent tempera-
ture is adjusted to be between about 50° C. to about -20° C.

22. The process of claim 19 wherein the molar ratio of
monohalosilane to anhydrous ammonia is from about 1.05:1 25
to about 3:1.

23. The process of claim 19 wherein the solvent is
N,N-dimethylaniline.
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